In Saccharomyces cerevisiae, most mutations induced by a wide range of mutagens arise during translesion replication employing the REV1 gene product and DNA polymerase . As part of an effort to investigate mammalian mutagenic mechanisms, we have identified cDNA clones of the human homologs of the yeast REV genes and examined their function in UV mutagenesis. Previously, we described the isolation of a human homolog of yeast REV3, the catalytic subunit of pol , and here report the identification and sequence of a human homolog of yeast REV1. This gene was isolated by identifying an expressed sequence tag encoding a peptide with similarity to the C terminus of yeast Rev1p, followed by sequencing of the clone and retrieval of the remaining cDNA by 5 rapid amplification of cDNA ends. The human gene encodes an expected protein of 1,251 residues, compared with 985 residues in the yeast protein. The proteins share two amino-terminal regions of Ϸ100 residues with 41% and 20% identity, a region of Ϸ320 residues with 31% identity, and a central motif in which 11 of 13 residues are identical. Human cells expressing high levels of an hREV1 antisense RNA grew normally, and were not more sensitive to the cytotoxic effect of 254 nm UV radiation than cells lacking antisense RNA. However, the frequencies of 6-thioguanine resistance mutants induced by UV in the cells expressing antisense hREV1 RNA were significantly lower than in the control (P ‫؍‬ 0.01), suggesting that the human gene has a function similar to that of the yeast homolog.
I
nformation about the mechanisms that generate mutations in eukaryotes is likely to be useful for understanding human health concerns, such as genotoxicity and cancer (1) . At the present, these mechanisms have been investigated most intensively in budding yeast, Saccharomyces cerevisiae, and in this organism almost all induced mutations arise during translesion replication, a process that promotes elongation past sites of unrepaired lesions that might otherwise block this event (1, 2). The major pathway for translesion replication in yeast employs DNA polymerase (pol) (3) together with Rev1 protein (4) , an enzyme that has two functions. These include a deoxycytidyl transferase activity that incorporates dCMP opposite abasic sites in the template and a second, as yet poorly defined, activity that is required for replication past a wide variety of lesions as well as abasic sites (J. R. Nelson, P.E.M.G., A. M. Nowicka, D. C. Hinkle and C.W.L., unpublished observations). In addition to this general pathway, yeast also possesses a specialized pathway for translesion replication employing pol (5), a distant homolog of Rev1 protein that is encoded by RAD30 (6, 7) . Although the substrate range of this enzyme has not yet been fully defined, it is likely that it entails only a few types of lesion, which pol appears to bypass with relatively high accuracy. Pol appears to contribute very little to overall mutagenesis compared with pol ͞Rev1 both because RAD30 mutants have little effect on mutagenesis and because mutants lacking the pol pathway are substantially deficient in mutagenesis induced by almost all mutagens.
DNA repair and damage tolerance mechanisms in yeast often provide good models for these processes in mammals, and evidence of several kinds suggests that this is likely to be the case with translesion replication. We (8) and others (9, 10) have identified and sequenced cDNA clones of a human homolog of the yeast REV3 gene, which encodes the catalytic subunit of Pol , and a very similar gene has been described in the mouse (11) . More particularly, we have further shown that UV-induced mutagenesis is markedly reduced in human cells expressing high levels of a REV3 antisense RNA, suggesting that the human gene is also likely to be used in translesion replication (8) . In addition, human cells have been shown to possess two homologs of the yeast RAD30 gene (12) (13) (14) (15) . As further evidence for a yeast-like mechanism for translesion replication in humans, we report here the isolation and sequence of a cDNA clone of a human homolog of yeast REV1, together with evidence that it too is used in UV mutagenesis. A recent report also describes this gene, and provides evidence indicating that it possesses a deoxycytidyl transferase activity (16) .
Materials and Methods
cDNA Synthesis, 5 Rapid Amplification of cDNA Ends (RACE), and Cloning. Total RNA or polyadenylated RNA from human brain (Stratagene) was used as a template for cDNA synthesis, using Superscript II Reverse Transcriptase (Life Technologies, Gaithersburg, MD) and primers specific for the candidate hREV1 cDNA clone (pHIBAC55; American Type Culture Collection). After removal of residual primer, an oligo(dC) tail was added to the cDNA with terminal transferase, and the cDNA selectively amplified by PCR, using elongase (Life Technologies) or Taq polymerase, a nested hREV1-specific primer, and a commercial primer with 3Ј complementarity to the oligo(dC) tail. The PCR products were separated on agarose gels, and material from the trailing edge of the DNA smear was purified for use as a substrate for a second amplification with Taq polymerase; in this instance, both primers had 5Ј sequences containing multiple dU residues. The products were again separated on agarose gels, and the largest visible DNA species were purified and treated with uracil N-glycosylase in the presence of the pAMP-1 vector (Life Technologies). The resulting annealed DNAs were used to transform Escherichia coli DH5␣ cells. For assembling clones with a nearly complete insert sequence, PCR used two hREV1-specific primers, each of which contained a restriction enzyme Abbreviations: RACE, rapid amplification of cDNA ends; pol, DNA polymerase; EST, expressed sequence tag; HPRT, hypoxanthine phosphoribosyltransferase.
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recognition site in the 5Ј sequence. Subsequent digestion with the appropriate restriction nucleases enabled ligation with similarly digested vector DNA. A plasmid (pMlNo-10) containing the entire ORF and 3Ј-untranslated region, but with a truncated 5Ј end, was constructed in pSPORT1 (Life Technologies).
DNA Purification and Sequence Analysis. Plasmid DNAs were isolated by alkaline lysis, and in many cases further purified on midi columns (Qiagen, Chatsworth, CA) for sequence analysis. The initial clone, pHIBAC55, and clones from the first two rounds of 5Ј RACE were sequenced entirely by the dideoxy method with Sequenase II. Later clones were sequenced by using dye terminator chemistries (Perkin-Elmer Applied Biosystems). Primers for sequencing and for PCR were developed as required from the known hREV1 sequence as it became available. Both strands of each clone were sequenced, and all regions of the cDNA were sequenced in at least three clones (except for the 5Ј 26 nucleotides, where only one clone was available) to establish a consensus sequence for hREV1 free of reverse transcription or PCR-generated errors. Attempts to confirm the sequence at the extreme 5Ј end of the mRNA with data from human expressed sequence tag (EST) sequences were unsuccessful, because none carried sequence at the 5Ј end of the cDNA.
Preparation of Cells that Express hREV1 Antisense RNA. A plasmid designed to express antisense hREV1 RNA was constructed by inserting a 4,117-bp REV1 fragment into pTet-Puro in the antisense orientation. The pTet-Puro plasmid, described previously (8) , contains a puromycin-selectable marker and places the gene of interest under the control of the TetP promoter (17, 18) , with the gene being transcribed in the absence of tetracycline (Tet OFF system). The 4,117-bp sequence contained the complete hREV1 ORF, the entire 3Ј untranslated region, and a short oligo(A) sequence. Initial experiments, using a 972-bp fragment containing 75 bp of the hREV1 5Ј untranslated sequence cloned in the antisense orientation into pTet-Puro, proved incapable of suppressing hREV1 function. This was probably caused by an interaction between the antisense RNA and 28S rRNA, and indeed the hREV1 5Ј untranslated sequence has regions of strong similarity to part of the rRNA sequence. The XhoI and SalI fragments from pEcNo-4 containing the biologically effective 4,117-bp sequence were cloned into the SalI site of the vector pTet-Puro, to give the hREV1 anti-sense expressing plasmid, pR1P27-AS. The orientation of the insert in this clone was determined by restriction enzyme analysis and by sequencing across the ligation boundaries.
Plasmid pR1P27-AS was transfected into 7AGM cells, which were derived from MSU-1.2, a near diploid, nontumorigenic, karyotypically stable human fibroblast cell line obtained originally from foreskin material of a normal neonate (19) . Strain 7AGM was engineered to contain the tetracycline-controlled transactivator (tTA), which can activate transcription of genes of interest controlled by the Tet-responsive element. The pTettTAk plasmid used to introduce the tTA element carried the gene for histidinol resistance (20) . pR1P27-AS transfectants were selected for resistance to puromycin and screened for the level of expression of hREV1 antisense by Northern blot analysis.
Northern Blot Analysis. The conditions used for comparing the level of expression of hREV1 antisense in the transfectant cell strains were described previously (21) . Briefly, 15 g total RNA was electrophoresed on a denaturing formaldehyde gel, transferred to a Hybond-N membrane by a downward capillary transfer technique, and fixed by UV crosslinking. The template DNA for preparing the hREV1 antisense DNA probe was excised from the pR1P27-AS plasmid using EcoRI restriction. A Ϸ2,900-bp fragment from the 5Ј end of the insert hREV1 cDNA was radiolabeled by random-primer labeling (21) . The probe to be used for the loading control was similarly prepared from PCR-amplified cDNA of the hypoxanthine phosphoribosyltransferase (HPRT) gene of human cells. Northern hybridization was performed at 42°C overnight in 50% formamide, containing SSPE [NaCl (0.75 M)͞NaH 2 PO 4 ⅐H 2 O (0.05 M)͞EDTA (pH 8.0) (0.5 mM)] and the other components listed in ref. 22 , and the blot was washed as described (21) . Variation in RNA loading per lane was evaluated by probing with HPRT cDNA.
Determination of the Cytotoxic and Mutagenic Effects of UV Radiation. Cells were routinely cultured in medium containing 10% supplemented calf serum (HyClone), hydrocortisone (1 g͞ml), penicillin (100 units͞ml), and streptomycin (100 g͞ml). The medium used was McM medium (22) or Eagle's MEM, modified by addition of L-aspartic acid (0.2 mM), L-serine (0.2 mM), and pyruvate (1 mM). The cytotoxic effect of the 254-nm UV radiation was determined from the survival of colony-forming ability, as described (23) . Briefly, cells were plated into a series of dishes at cloning densities (100-1,000 cells per 100-mmdiameter dish, depending on the cloning efficiency of the strain and the expected survival). When the cells had attached and flattened out, the medium was removed, and the cells were rinsed and irradiated as described (24) , using the designated doses. The mutagenic effect of UV was determined from the frequency of HPRT-defective, 6-thioguanine-resistant cells. Briefly, for each experiment, cells in exponential growth were plated into a series of 150-mm-diameter dishes at a density of 0.5-2 ϫ 10 6 cells per dish. For each dose of UV, sufficient dishes were used to ensure at least 1 ϫ 10 6 surviving cells. At the same time, cells were plated at cloning density into a series of 100-mm-diameter dishes to be used for determining the cytotoxic effect of each dose. Again, when the cells had attached and flattened out, the medium was removed, and the cells were rinsed and irradiated. For each experiment, 1 ϫ 10 6 cells were mock-treated as a control. Fresh medium containing serum was returned to the cells immediately after irradiation, and the cells were refed with culture medium after 24 h. The cells plated at cloning densities were allowed 14 days to form colonies, with one additional refeeding after 7 days. The cells irradiated at high density for mutation induction were allowed to replicate for 4-5 days. They were then detached from the dishes, pooled, and 1-2 ϫ 10 6 plated again and allowed to continue replicating for 4 to 5 additional days to allow depletion of preexisting HPRT. The unused population for each dose was stored in liquid N 2 for future use. After an 8-to 9-day expression period, at least 1 ϫ 10 6 cells from each population were selected for resistance to 6-thioguanine at a density of 500 cells͞cm 2 , as described (23) . A portion of the cells from each population was also plated in nonselective medium at a density of 100 cells per 100-mmdiameter dishes to assay the colony-forming ability of the cells at the time of selection. This value was used to correct the observed frequency of mutants for the cloning efficiency of the cells at the time of selection (23).
Results and Discussion
Human Cells Possess a Homolog of Yeast REV1. A candidate human REV1 cDNA clone was identified by screening the dbEST database of the National Center for Biotechnology Information, using the BLAST algorithm. This screen yielded a single EST (GenBank T08134) among the approximately 52,000 entries listed at that time, and the corresponding clone pHIBAC55 was obtained from the American Type Culture Collection. The 2.13-kb human DNA insert in this plasmid was fully sequenced and found to consist of 1,813 bp of the 3Ј end of an ORF, 296 bp of 3Ј untranslated DNA, and 20 bp of poly(A). The remainder of the ORF, together with at least some of the 5Ј untranslated region, was obtained by using five rounds of 5Ј RACE, with the fifth round extending the sequence to a point beyond which no further elongation was obtained. To eliminate possible errors of reverse transcription and amplification, a consensus sequence was established from at least three independent clones at each round of 5Ј RACE.
The hREV1 ORF (GenBank accession no. AF206019) encodes an expected protein of 1,251 residues (Fig. 1A ) with significant identity to yeast REV1 (Fig. 2) and to candidate REV1 genes from other species, including Caenorhabditis elegans, Arabidopsis thaliana, Schizosaccharomyces pombe, and Drosophila melanogaster (data not shown). Significant identity exists in two aminoterminal regions, each Ϸ100 residues in length, that exhibit 41% and 20% identity with their corresponding yeast sequences, a region of Ϸ330 residues with 31% identity, and a centrally located motif that is highly conserved in Rev1 proteins and also found in E. coli dinB. A total of perhaps nine sequence motifs are suggested by alignments with the Rev1 proteins from S. cerevisiae, S. pombe, C. elegans, D. melanogaster, and A. thaliana (Fig.1B) . Motif I lies within a region that shows weak homology to the terminal region of the BRCA1 gene (BRCT), although the similarity is greater with the Rev1 protein from budding yeast than with the human protein and the possible functional significance is unclear. However, of greater functional significance, motif I in the human protein contains G76 (highlighted in Fig.  1 A) , homologous to G193 in yeast and the site of the G193R mutation found in the yeast rev1-1 mutant (25); the Rev1-1 protein retains a significant fraction of its deoxycytidyl transferase activity, but has lost almost all of its general bypass function (J. R. Nelson, P.E.M.G., A. M. Nowicka, D. C. Hinkle and C.W.L., unpublished observations). Conversely, the highly conserved DXD and DE sequences found in motifs III and VI, respectively, appear to be concerned with catalysis (5, 26) , and a pol D156A, E157A tandem double mutation lacks polymerase activity (5) .
The sequence 5Ј to the ATG codon at the start of the main ORF contains an out-of-frame ATG sequence at nucleotide Ϫ35, initiating a small reading frame that terminates at a TGA stop codon overlapping the main ORF ATG. Further, the sequence context of the out-of frame ATG is almost as good as that of the ORF ATG. This feature suggests that the hREV1 message is translated very inefficiently, and predicts that hRev1 protein levels are likely to be low (27) . A number of the clones analyzed encoded a protein of 1,250, rather than 1,251, residues, in which the sequence CAGCAG at nucleotides 1041-1046 was replaced by CAG. A similar pair of sequences was also found in the homologous region of the mouse REV1 sequence (data not shown); in both cases, they may result from slippage at the 3Ј splice site of an intron. The protein sequence given in Fig. 1 A is identical with that of ref. 16 , but differs by one synonymous mutation (Ile1150, ATT vs. ATC), that may represent a polymorphism. Finally, a sequence yielding an exact match to the 3Ј-terminal 60% of the ORF of hREV1 is described in GenBank as encoding a protein that interacts with ␣3A integrin (28) ; the significance of this observation is unclear. 4 . Percent survival (A) and frequencies of UV-induced 6-thioguanine resistant mutants (B) in the parent cell strain 7AGM and the hREV1 antisense RNA-expressing cell strains 7AGM-17C-R1 and 7AGM-12B-R1, plotted against fluence of 254 nm UV. The data are the average of results from four experiments with the parent strain, 7AGM; three experiments with 7AGM-17C-R1 cells; and two experiments with 7AGM-12B-R1cells. The background frequencies of mutants, which have been subtracted to obtain the frequencies induced above the background frequency by UV (23) , are cited in the text. The mutant frequencies observed for untreated control and each UV fluence were corrected for the cloning efficiency of the cells determined after an 8-day expression period, i.e., at the time they were plated into selection medium containing 6-thioguanine. The average cloning efficiencies for control and UV-irradiated cells were: 7AGM cells, 33.3% Ϯ 1.4% (SEM for four independent experiments); 7AGM-17C-R1 cells, 26.7 Ϯ 1.3% (SEM for three independent experiments); and 7AGM-12B-R1 cells, 31.8% Ϯ 0.9% (SEM for two independent experiments).
Although determining the sequence of the ORF presented few problems, establishing the sequence of the 5Ј untranslated region of the mRNA was less straightforward, and it is unlikely that it is complete. Because the 5Ј sequence is GC-rich, attempts to extend primers into this region resulted in multiple premature termination events in clones with intron sequences, as identified both by the presence of canonical 3Ј splice junction sequences and by the loss of the ORF. Other attempts recovered clones showing rearrangements of the cDNA sequence that presumably occurred during either synthesis or amplification. To confirm that the GC-rich sequence indeed constituted the 5Ј untranslated sequence, sense-strand primers were designed specific to each of the possible upstream sequences, together with a common antisense primer. Only the GC-rich specific primer yielded an appropriate amplification product (data not shown). Additional evidence supporting this conclusion is provided by the sequences of three mouse ESTs (accession nos. AA4202230, AI019222, and AI481088), which show strong similarity to the region of hREV1 flanking the putative initiation codon. In contrast, sequence identified by an alternative upstream primer was clearly an artifact, because it matched sequence of an mRNA from human cortex (HUMMRNAC, accession no. L10374).
UV-Induced Mutagenesis Is Much Reduced in Human Cells Expressing
hREV1 Antisense RNA. In yeast, the REV1 gene is required for Ϸ95% of the base pair substitutions induced by UV (19) , and rev1 mutants are more readily killed by this radiation, although this hypersensitivity is relatively modest (30) . Unlike REV3 however, the REV1 gene appears to be required to a much smaller extent for the production of frame-shift mutations induced by UV. The extent varies among the different genetic sites investigated, however, and at three of them Ͼ80% of the UV-induced frameshifts depended on REV1 function (29, 31) . Results with other mutagens, although less extensive, appear to be similar to those with UV, both with respect to base pair substitutions and frameshifts (32) . To examine whether human REV1 is also required for UV mutagenesis, we have used the antisense method used previously with hREV3 (8) , in which high levels of an antisense RNA are expressed under the control of the TetP promoter. To this end, a series of independent puromycin-resistant colonies obtained by transfection of parental 7AGM cells with hREV1 antisense-expressing plasmid, pR1P27-AS, were isolated and expanded to Ϸ10 ϫ 10 6 cells. A portion was used for Northern blot analysis for antisense expression, and the rest were cryopreserved. Two unequivocally independent clones, designated 7AGM-12B-R1 and 7AGM-17C-R1, found to express antisense RNA at a level much higher than the level of natural transcript from the endogenous hREV1 gene (Fig. 3) , were chosen for study. The level of expression of antisense REV1 RNA in these two strains, corrected for slight differences in RNA loading per lane, was very similar (Fig. 3) .
The frequency of 254-nm UV-induced mutants and the sensitivity to UV cell killing in these two cell strains was compared with that in their nontransfected parental cell strain, 7AGM. In all but one experiment, the parental cell strain and one or other or both of the derivative strains 7AGM-12B-R1 and 7AGM-17C-R1 were compared simultaneously. As shown in Fig. 4A , these two cell strains expressing hREV1 antisense RNA were not more sensitive than their parental strain to the cytotoxic effect of UV. The line with the slightly steeper slope is a least squares fit to the data from the parent strain 7AGM and also from strain 7AGM-17C-R1; the other line represents the least squares fit to data from strain 7AGM-12B-R1. Although the survival curves did not show a significant difference between these two strains and their parental strain, the frequency of 6-thioguanineresistant mutants induced in the two strains expressing hREV1 antisense RNA was significantly lower (P ϭ 0.01) than that seen with their parental cell strain (Fig. 4B) . The 7AGM-17C-R1 cells showed a Ϸ64% decrease; the 7AGM-12B-R1 cells showed a Ϸ94% decrease in frequency.
The results shown in Fig. 4B for the latter strain were obtained from two independent experiments, using 0, 11, 13, and 15 J͞m 2 of UV in one experiment, and 0, 12, and 14 J͞m 2 of UV in the other. No mutants were seen in the unirradiated control population. The slope of the line for this strain in Fig. 4B was fitted to the five data points from these two experiments. Although the slope is virtually parallel with the x axis, the line cannot, in reality, intersect the y axis above zero because the data represent the increase in frequency of mutants above the background frequency in the population. Cell strain 7AGM-17C-R1 was tested in three experiments. In each, the UV fluences used were 0, 11, 13, and 15 J͞m of the line was fitted to the ten individual determinations obtained. The background frequency of mutants per 10 6 cells in the experiments with this strain were 4, 10, 13, and 17. To allow a comparison of the surviving fractions, the number of mutants seen, the total cells assayed for mutants, and their corresponding cloning efficiency at the time of selection for 6-thioguanine resistance, an example of the data obtained from an experiment for each strain is shown in Table 1 . The data in Fig. 4B indicate that, in cells expressing of hREV1 antisense, the frequency of UV-induced mutants was significantly reduced. Unlike what is found with yeast, however, there was no evidence for increased sensitivity to the cytotoxic effect of UV radiation in either of the two cell strains expressing the hREV1 antisense, and in which, presumably, the level of Rev1 protein is reduced by virtue of the antisense RNA. Such a lack of hypersensitivity may well result from the redirection of DNA damage into another pathway, one in which mutations are less likely to occur, or it may reflect a decreased importance of translesion replication for survival in these human cells, compared with yeast cells.
